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Abstract: 
An experimental and numerical investigation of water-cooled serpentine rectangular minichannel heat sinks 
(MCHS) has been performed to assess their suitability for the thermal management of gallium nitride (GaN) 
high-electron-mobility transistors (HEMTs) devices. A Finite Element-based conjugate heat transfer model is 
developed, validated experimentally and used to determine the optimal minichannel width and number of 
minichannels for a case with a uniform heat flux of 100 W/cm2. The optimisation process uses a 30 point Optimal 
Latin Hypercubes Design of Experiments, generated from a permutation genetic algorithm, and accurate 
metamodels built using a Moving Least Square approach. A Pareto front is then constructed to enable the 
compromises available between designs with a low pressure drop and those with low thermal resistance to be 
explored and an appropriate minichannel width and number of minichannels to be chosen. These parameters are 
then used within conjugate heat transfer models of a serpentine MCHS with silicon, silicon carbide, diamond 
and graphene heat spreaders placed above a GaN HEMT heating source of area 4.8 × 0.8 mm2, generating 1823 
W/cm2. A nanocrystalline diamond (NCD) layer with thickness of 2 µm is mounted on the top surface of the 
GaN HEMT to function as a heat spreader to mitigate the hot spots. The effect of volumetric flow rate and heat 
spreader thickness on the chip temperature has been investigated numerically and each of these has been shown 
to be influential. For example, at a volumetric flow rate of 0.10 l/min, the maximum chip temperature can be 
reduced from 124.7 oC to 96.7 oC by employing a 25 µm thick graphene heat spreader attached to the serpentine 
MCHS together with a NCD layer compared with a serpentine MCHS without these heat spreaders. 
Keywords: Serpentine minichannel heat sink, Conjugate Heat Transfer, CFD, GaN HEMTs, Heat spreader, 
Multi-objective genetic algorithm, Nanocrystalline diamond layer. 
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1.   Introduction 
Over the last decade, gallium nitride (GaN) high-electron-mobility transistors (HEMTs) have become 
increasingly popular for radio-frequency (RF) and microwave applications due to their robustness, wide 
band-gap and high thermal conductivities and saturated electron velocities that enable them to function in 
harsh environments [1,2]. However, GaN HEMTs dissipate large heat fluxes which create hotspots that can 
cause significant degradation in performance [3] when maximum operating temperatures of ~250 oC are 
exceeded. To alleviate the problem of hotspots, silicon carbide (SiC) heat spreaders have been used due to 
their high thermal conductivity of 370 W/m.K at 20 oC [4]. However, since the thermal conductivity of SiC 
decreases significantly as temperature increases [5], the use of SiC alone is not practical for hot spot 
mitigation. For high heat fluxes ( > 100 W/cm2 ) single-phase liquid cooling and flow boiling in microfluidic 
systems can provide the required cooling [6]. The former, first introduced by Tuckerman and Pease [7] in 
1981, have emerged as viable cooling devices for high heat flux electronics due to their high surface area 
to volume ratio [8]. The latter have also been widely studied by researchers due to their ability to dissipate 
high heat fluxes with much lower pumping power than the former due to their effective utilization of the 
latent heat of vaporization [9]. However, at higher heat fluxes, microchannel flow boiling suffers from 
pressure fluctuations and flow instabilities which can lead to serious problems from significant reductions 
in heat transfer performance due to, for example, liquid dry-out [6]. 
Nomenclature ܣ௕௔௦௘ Base area of minichannel [m2] ௪ܶǡ௔௩௚ Average channel base temperature [oC] ܣ௖௛ Cross-sectional area of minichannel [m2] ௪ܶǡ௧௖௜ Channel base temperature at thermocouple location (i = 1±4), [oC] ܣ௘௙௙ Effective heat transfer area per channel [m2] ௖ܸ௛ Velocity in microchannel [m/s] ܣ௙௜௡ Surface area of fin [m2] ௪ܹ Fin width [m] ܣ௛ Bottom heated area of the MCHS [m2] ௖ܹ௛ Minichannel width [m] ܥ݌௙ Specific heat of fluid [J/kg.K] ܹ Heat sink width [m] ܦ௛ Hydraulic diameter [m]   ݄ Convective heat transfer coefficient [W/m2.K] Greek symbols ܪ௕ Substrate thickness [m]   ܪ௖௛ Minichannel height [m] ߟ௙ Fin efficiency ݇ Turbulent kinetic energy [m2/s2] ߩ௙ Fluid density [kg/m3] ݇௙ Thermal conductivity of fluid [W/m.K] ߤ௙ Dynamic viscosity of fluid [kg/m s] ݇௦ Thermal conductivity of copper block [W/m.K] ߤ் Turbulent viscosity [kg/m s] ்݇ Turbulent thermal conductivity [W/m.K] ߝ Channel surface roughness [ߤ݉] ܮ Heat sink Length [m] ߱ Specific dissipation rate [1/sec] ܮ௖௛ Minichannel length [m]   ݊ Number of minichannel Subscripts   ?  ܲ Total pressure drop [Pa] ܽݒ݃ Average ܳ௜௡ Volumetric flow rate [m3/sec] ݂ Fluid (Water) ݍ Heat transfer rate [W] ݅݊ Inlet ܴ݁ Reynolds number ݋ݑݐ Outlet ܴ௧௛ Total thermal resistance [K/W] ݉ܽݔ Maximum ௙ܶǡ௔௩௚ Fluid bulk temperature [oC] ݏ Solid ௙ܶǡ௜௡ Inlet fluid temperature [oC] ݐܿ݅ Location of the thermocouple along the flow channel ௙ܶǡ௢௨௧ Outlet fluid temperature [oC] Ȟ Interface  between the fluid and solid 
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A number of investigations into the thermal management of GaN HEMTs have appeared in the literature. 
For example, Calame et al. [10] used experiments and numerical simulations to study the dissipation of 4 
kW/cm2 over a 1.2 × 5 mm2 active area of a GaN on SiC semiconductor using water-cooled microchannel 
coolers, while the experimental study of Lee et al. [11] investigated how to dissipate a heat flux of 11.9 
kW/cm2 over eight heat sources of size 350 × 150 µm2 on a 7 × 7 mm2 silicon (Si) die with a maximum 
hotspot temperature of 175°C. Recently, Lee et al. [12,13] used 3-D numerical simulations to analyse the 
thermal conditions when a total power of 92.4 W is applied to 40 multiple gates (a heat flux of 330 kW/cm2 
is applied to each gate) located on GaN HEMTs on a SiC-based microchannel heat sink using water and 
methanol as a coolants in single and two phase flow conditions. Other relevant studies have focused on the 
effect of using very high thermal conductivity substrates to enhance heat spreading for GaN and a number 
of these have analysed diamond heat spreaders [14 ± 16] VLQFHGLDPRQG¶V thermal conductivity is 2200 
W/m.K ± 5.5 times greater than copper [17]. Han et al. [18] used experiments and numerical simulations to 
investigate the effect of 300 µm thick diamond heat spreaders on copper-based microchannel heat sinks 
containing twenty±one parallel straight rectangular microchannels with a water flow rate of 0.4 l/min to 
dissipate 11.9 kW/cm2 from a GaN-on-Si device. They found that the use of the diamond heat spreader 
within the liquid-cooled microchannel heat sink enabled, the maximum gate finger temperature to be 
reduced from 237 oC to 193 oC compared with a heat sink without a heat spreader. 
Graphene, on the other hand, may be a viable alternative to diamond not only because it is less expensive, 
but also because of its extremely high thermal conductivity which ranges from 3080 ± 5300 W/m·K at room 
temperature [19, 20]. In addition, its low density and strength (50-times stronger than steel [21]) has created 
excitement within research teams worldwide. The effect of graphene heat spreaders on operating 
temperatures have been investigated numerically by Barua et al. [22], Bae et al. [23] and Subrina et al. [24], 
while Reddy and Dulikravich [25] used a three-dimensional conjugate heat transfer model to investigate 
the effect of the single- and few-layer graphene nano-platelet heat spreaders applied to the top wall of micro 
pin-fin heat sinks on the maximum electronic chiSWHPSHUDWXUH7KHODWWHU¶VUHVXOWVVKRZHGWKDWWKHXVHRI
such thin graphene nano-platelet heat spreaders can lead to significant reductions in the maximum chip 
temperature. 
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However, research has shown that heat spreaders by themselves are insufficient for high heat flux 
applications and that nanocrystalline diamond (NCD) around the gates can be extremely beneficial under 
these condition. In recent years, NCD thin-films have advanced significantly [26] due to their unique 
properties, notably high thermal conductivity (up to 1300 W/m.K for ݐே஼஽  ൐  ?Ɋ) [27]. To mitigate the 
self-heating effect, NCD has been demonstrated as a top-side coating for improved heat spreading in 
AlGaN/GaN HEMT devices by Anderson et al. [28]. As a result, HEMTs with NCD heat spreading layers 
exhibit a 20% decrease in peak channel temperature compared to HEMTs without an NCD film. Tadjer et 
al. [29,30] also used a Nanocrystalline diamond heat-spreading film with thickness of 0.5 µm mounted on 
the top surface of the AlGaN/GaN HEMT device in order to reduce self-heating. Their results showed 
significant reduction in temperature near the GaN/Si substrate interface, from 340 oC to 120 oC after NCD 
capping. 
The vast majority of previous studies have used straight rectangular microchannel heat sinks with heat 
spreaders to dissipate high heat flux from the GaN HEMTs. Since the boundary layer thickness increases 
along the flow direction in these straight channels, they suffer from a continuous increase of surface 
temperature along the flow direction and a deterioration in heat transfer performance. The use of serpentine 
channels has recently been shown to provide much better heat transfer performance, due to a combination 
of being able to disrupt fully-developed boundary layers through the curved channel ends and from the 
secondary flow structures (Dean vortices) which are generated in the serpentine bends and which also 
improve fluid mixing and heat transfer.  
Al-Neama et al. [31] have very recently used complementary experimental and numerical methods to 
investigate the benefits of employing three different serpentine microchannel heat sink designs using single 
(SPSM), double (DPSM) and triple path serpentine configurations (TPSM). Their performance was 
compared with that of a design based on straight rectangular microchannels (SRMs) in terms of pressure 
drop ( ? )ܲ, average Nusselt number (ܰݑ௔௩௚) and total thermal resistance (ܴ௧௛). Their experimental and 
numerical results showed that the serpentine channel bends are very influential in improving heat transfer 
by preventing the hydrodynamic and thermal boundary layers attaining a fully-developed state. The SPSM 
design provides the most effective heat transfer, followed by the DPSM and TPSM ones, both of which 
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out-performed the SRM heat sink, and that the SPSM heat sink produced a 35% enhancement in ܰݑ௔௩௚ 
and a 19% reduction in ܴ௧௛ at a volumetric flow rate of  ?Ǥ ?݈Ȁ݉݅  ݊compared to the conventional SRM heat 
sink. These improvements in the heat transfer are, however, achieved at the expense of significantly larger  ? .ܲ Another experimental and numerical study have been conducted by Al-Neama et al. [32] where the 
SPSM heat sink was modified by integrating a small chevron fins between the main channel flow to generate 
secondary flow to enhance fluid mixing as well as convective heat transfer. This novel design is found to 
significantly reduce both the pressure drop across the heat exchanger and the total thermal resistance by up 
to 60% and 10%, respectively, and to enhance the average Nusselt number by 15%. 
The present study is the first to consider the feasibility and performance of using serpentine, rather than 
conventional straight, water-cooled channel heat sinks for dissipating the high heat fluxes associated with 
GaN HEMTs. It further extends the recent work of Al-Neama et al. [31] to explore and demonstrate the 
significant additional benefits of using a range of different heat spreader materials, on the cooling of CREE 
CGHV1J070D GaN HEMT dies [33]. The paper is organised as follows: The MCHSs of interest, 
experimental apparatus and analytical techniques used to determine their temperature distribution and flow 
characteristics are described in section 2. The conjugate heat transfer models of the heat sink, heat spreader 
and GaN HEMT heating source are described in section 3 and a comprehensive series of experimental and 
numerical results is presented in section 4. Conclusions are drawn in section 5. 
2.   Experimental Methodology 
2.1.   Experimental set-up and procedure 
A schematic diagram of the main components of the experimental test rig is depicted in Fig. 1. Water from 
a ~23 litre reservoir is pumped through the flow loop using a miniature diaphragm water pump. The flow 
rate is controlled by adjusting the pump speed by regulating the voltage from a DC-power supply and using 
a bypass flow loop and control valve to give a flow rate in the range 0.1 ± 1.0 l/min, as measured on a flow 
meter (PLATON NG glass model). Clear plastic tubes with an outer/inner diameter of 4 mm/2.2 mm and 
fittings were used to construct the flow loop. 
To measure the water temperature at the minichannel inlet and outlet simultaneously, K-type sheathed 
thermocouples with 0.5 mm probe diameter were used by inserting one at the water inlet point to the MCHS 
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and a second just after the water outlet from the MCHS. The water inlet temperature was 20 oC throughout 
the experiments. To measure the total pressure drop between the inlet and outlet of the MCHSs, a digital 
pressure meter was used (model Comark C9555) having a range of 0 to 2.1 bar. Two power film resistors 
of reVLVWDQFHȍ0372-247)) were used as a heat source, and each one has cross-sectional area 
of 11.5 mm × 14 mm with the maximum power reaching 100 W (62 W/cm2). These are mounted at the 
bottom of the MCHS. The voltage and current input to the power film resistor heater were controlled by a 
DC power supply unit with an output range of 0-35 V and 0-4 A. To minimise heat loss to the surrounding 
environment, the MCHS copper block was packed inside a bed of insulating fibre glass, and secured within 
a clear Acrylic Perspex plastic box of size (10×10×10) cm3 with a cover. 
2.2.   Design and fabrication of the MCHS test sections 
Serpentine minichannel heat sink test sections were designed using SolidWorks [34] then fabricated from 
copper (thermal conductivity of 388 W/m.K at 20 °C), using  a high-accuracy Computer Numerical Control 
(CNC) milling machine (FANUC ROBODRIL). The parametric design of the serpentine MCHS model 
such as minichannel depth (ܪ௖௛), minichannel width ( ௖ܹ௛), fin width ( ௪ܹ), footprint area (ܹ ൈ ܮ), heat 
sink depth (ܪ) and substrate thickness (ܪ௕) are kept at 2 mm, 1.5 mm, 1.0 mm, 38 mm × 38 mm, 4 mm 
and 2 mm, respectively, to give 12 parallel rectangular minichannels. Fig. 2(a) shows the isometric actual 
view and top view of the MCHS considered here. 
Around the top of the heat sinks there is a groove made for an O-ring seal with a depth and width of 0.7 
mm and 1.0 mm, respectively, to prevent water leakage. Each MCHS is assembled with an acrylic plastic 
sheet cover which is held onto the copper block by four stainless steel mounting screws (M3 × 0.5) and 
sealed with an O-ring. Two 3.0 mm holes with depth of 3.0 mm were drilled on the top side surfaces of the 
plastic covers and a male run tee union adapters (M3 × 0.5) are fixed into these threaded holes to provide 
the inlet and outlet for the water, and also allow access to measure the water temperature at the inlet and 
outlet. To measure the pressure drop between the inlet and outlet, a further two 3.0 mm holes of depth 3.0 
mm were drilled into the sides of the plastic cover (to match the inlet and outlet positions), with barb fitting 
adapters (M3 × 0.5) used to connect the pressure gauge, see Fig. 2(b).  
(7) 
 
Two power film resistors were attached to the bottom of the MCHS test section using a thin layer of thermal 
Ethoxy (Electrolube, TCER) with thermal conductivity of 2.2 W/m.K. The thickness of the thermal Ethoxy 
layer is measured manually using a digital Vernier caliper, and was found to be 200 ± 7 µm. To record the 
junction (maximum) temperature of the resistor as accurately as possible, the procedure described in Ref. 
[31] was adopted. To measure the wall temperature distribution along the MCHS sample, four K-type 
sheathed thermocouples with 0.5 mm probe diameter were inserted in the copper block at a distance of 
1mm below the minichannel base until it reaches half the width of the MCHS specimen. The locations of 
the thermocouple holes, as measured from the inlet of the MCHS and along its length are shown in Fig. 
2(b). Thermal paste was used to fill the holes to ensure accurate temperature measurement. 
Sa and Sq which are respectively the Average Roughness and Root Mean Square Roughness are measured 
for both MCHS models using the BRUKER-NPFLEX-LA 3D Surface Metrology System, and these were 
found to be respectively 1 ± 0.1 µm and 1.2 ± 0.1 µm for each MCHS model. In the experiments, the relative 
surface roughness, ߝ ܦ௛ ? , where ߝ and ܦ௛ are respectively the surface roughness and hydraulic diameter of 
the minichannel, is therefore 0.583 × 10-3. This is less than the relative surface roughness of stainless steel 
micro-tubes (1.76 × 10-3 to 2.80 × 10-3) in the study of Kandlikar et al. [35] who showed this ߝ ܦ௛ ?  had 
negligible effect on pressure drop and heat transfer characteristics; consequently the effect of the surface 
roughness (ߝ) on the pressure drop and heat transfer coefficient is neglected in the present study.  
2.3.   Experimental measurements and data analysis 
2.3.1.   Heat transfer analysis 
Before conducting any experiments, the rate of heat loss from the MCHS specimen to the surroundings was 
first determined. In the present work, the procedure described in Ref. [31] has been used, and the maximum 
average heat loss was found to be approximately 6% of the input power to the model.  
The average heat transfer coefficient (݄௔௩௚) can be calculated from Newton's law of cooling as: 
݄௔௩௚ ൌ ݍܣ௘௙௙൫ ௪ܶǡ௔௩௚ െ  ௙ܶǡ௔௩௚൯ሺ ?ሻ 
whereݍ is the total heat supplied into the MCHS. The average fluid temperature can be calculated as 
( ௙ܶǡ௔௩௚ ൌ ൫ ௙ܶǡ௜௡ ൅ ௙ܶǡ௢௨௧൯  ? ? ), where ௙ܶǡ௜௡ and ௙ܶǡ௢௨௧ are respectively the fluid inlet and outlet temperatures 
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which are measured by the thermocouples positioned just before and after the heat sink test section. The 
average minichannel base temperature can be obtained by: 
 ௪ܶǡ௔௩௚ ൌ  ? ௪ܶǡ௧௖௜ସ௜ୀଵ ? ሺ ?ሻ 
Since direct measurement of the channel base temperature is challenging, it is determined by assuming one-
dimensional steady state heat conduction between the thermocouple location (ݐܿ݅) and the minichannel base 
in the y direction, the local minichannel base temperature ( ௪ܶǡ௧௖௜) can be evaluated by [36]: 
 ௪ܶǡ௧௖௜ ൌ  ௬ܶǡ௧௖௜ െ  ݕǤ ݍܣ௛  ? ௦݇ ሺ ?ሻ 
௬ܶǡ௧௖௜  represents the temperature close to the minichannel base wall which was measured experimentally 
using a thermocouple, the subscript i denotes the location of thermocouple used to measure the minichannel 
base temperature. ܣ௛  denotes the area of the substrate subjected to heat flux, while ݇௦  is the thermal 
conductivity of the heat sink material, and ݕ is the distance between the bottom wall of the minichannel 
and the thermocouple that is embedded to measure ௬ܶǤ௧௖௜ as shown in Fig. 2(b). In the present work, the 
heat is transferred to the fluid through three minichannel walls only and the fourth (Top) wall is assumed 
to be adiabatic. Hence, ܣ௘௙௙  which represents the surface area available for heat transfer and can be 
calculated as: ܣ௘௙௙ ൌ ܣ௕௔௦௘ ൅ ߟ௙  ? ܣ௙௜௡                                                                                                                                        (4)   
The term ߟ௙ is defined as the fin efficiency assuming an adiabatic tip condition which is correlated by: 
ߟ௙ ൌ ݐ݄ܽ݊ሺ݉  ? ܪ௖௛ሻ݉  ? ܪ௖௛ ሺ݉ሻ݉ ൌ ඨ  ? ௔݄௩௚௪ܹ  ? ௦݇ ሺ ?ሻ 
while ܣ௕௔௦௘ and ܣ௙௜௡ represent the minichannel base and fin area available for heat transfer, respectively. ܣ௕௔௦௘ can be calculated as: 
ܣ௕௔௦௘ ൌ ݊ ௖ܹ௛  ? ܮ௖௛ ൅ ߨ ?ሺ݊ െ  ?ሻሺݎଵଶ െ ݎଶଶሻ ൅  ? ௖ܹ௛ ቆܮ െ ൬ ௦ܹଵ ൅ ௦ܹଶ ൅ ݎଵ ൅ ܮ௖௛ ൅ ௖ܹ௛ ? ൰ቇ ൅ ߨ ൬ ௖ܹ௛ ? ൰ଶ ሺ ?ሻ 
where ܮ௖௛ represents the length of the straight minichannel, ܮ௖௛ ൌ ܮ െ ሺ ?ݎଵ ൅ ௦ܹଵ ൅ ௦ܹଶሻ, and ௦ܹଵ and 
௦ܹଶ are the outside wall thicknesses, see Fig. 2(a). The symbols ݎଵ and ݎଶ denote the outer and inner radius 
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of the curved minichannel respectively, whereas ݊ represents the number of minichannels. ܣ௙௜௡  can be 
determined by: 
ܣ௙௜௡ ൌ  ?݊ܪ௖௛  ? ܮ௖௛ ൅ ߨܪ௖௛ሺ݊ െ  ?ሻሺݎଵ ൅ ݎଶሻ ൅  ?ܪ௖௛ ቆܮ െ ൬ ௦ܹଵ ൅ ௦ܹଶ ൅ ݎଵ ൅ ܮ௖௛ ൅ ௖ܹ௛ ? ൰ቇ ൅ ߨ ௖ܹ௛  ? ܪ௖௛ሺ ?ሻ 
The corresponding average Nusselt number can be determined by: 
ܰݑ௔௩௚ ൌ ݄௔௩௚  ? ܦ௛݇௙ ሺ ?ሻ 
where ݇௙ represents the ZDWHU¶V thermal conductivity evaluated at the average fluid temperature ( ௙ܶǡ௔௩௚). ܦ௛ denotes the minichannel hydraulic diameter ቀܦ௛ ൌ ସ஺೎೓௉ೢ ൌ  ଶሺௐ೎೓ ?ு೎೓ሻௐ೎೓ାு೎೓ ቁ , while ௪ܲ  and ܣ௖௛  are 
respectively the wetted perimeter and the cross-sectional area of the minichannel. 
2.3.2.   Total thermal resistance 
The total thermal resistance (ܴ௧௛) of the serpentine MCHS can be determined as follows: 
ܴ௧௛ ൌ ௦ܶ௨௥௙ǡ௠௔௫ െ ௙ܶǡ௜௡ݍ ሺ ?ሻ 
where ௦ܶ௨௥௙ǡ௠௔௫ is the maximum surface temperature of the heat sink. The total thermal resistance of the 
heat sink comprises three main components which are conductive (ܴ௖௢௡ௗ), convective (ܴ௖௢௡௩) and bulk 
temperature-rise (ܴ௕௨௟௞) thermal resistances [37], and can be expressed by: 
ܴ௧௛ ൌ ܴ௖௢௡ௗ ൅ ܴ௖௢௡௩ ൅ ܴ௕௨௟௞ ൌ ܪ௕݇௦  ? ܣ௛ ൅  ?݄௔௩௚  ? ܣ௘௙௙ ൅  ?ሶ݉  ? ܥ௣೑ ሺ ? ?ሻ 
where ሶ݉  is the total mass flow rate of coolant through microchannel ( ሶ݉ ൌ ߩ௙  ? ௖ܸ௛  ? ܣ௖௛). Theܥ௣೑ denotes 
the specific heat capacity of the fluid which is evaluated at the ௙ܶǡ௔௩௚. In this study, the conductive thermal 
resistance remains constant since the substrate thickness of the heat sink is unchanged. While convective 
and bulk thermal resistances reduce with increasing water flow rate, resulting in lower total thermal 
resistance. The ܴ௕௨௟௞ is caused by the heating of the fluid as it flows through the minichannels and absorbs 
heat [37]. 
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2.3.3.   Pressure drop analysis 
A digital pressure gauge was used to measure the total pressure drop ( ? )ܲ directly using two plastic tubes 
connected to the barb fitting adapters, see Fig. 2(b). The serpentine MCHS structure has ݊ minichannels 
and a total ݊ െ  ? fins (U-bends), see Fig. 2(a), and the total pressure drop is caused by contributions from 
friction in the straight minichannels and from the U-bends. The procedures used to calculate  ?  ܲare 
described in detail in Ref. [31]. 
2.4.   Experimental uncertainty 
The ASME standard [38] and the Root-Sum-Square (RSS) method described by Coleman and Steele [39] 
were used to estimate the experimental uncertainties. In the experiments, an electronic digital Vernier 
caliper is used to measure various geometric dimensions of the MCHS test sections. Uncertainties for 
various critical parameters are tabulated in Table 1.  
3.   Conjugate heat transfer model 
3.1.   Boundary conditions 
The computational domain and boundary conditions are shown in Fig. 3. No-Slip and wall temperature 
boundary condition ܝ࢙ ൌ  ? and ௦ܶ ൌ  ௙ܶ௔௧௪௔௟௟  are used at solid walls. At liquid-solid boundaries the 
conductive and convective heat transfer to the fluid are coupled by imposing heat flux continuity at the 
interface between the fluid and the solid walls [40] as shown in Fig. 3(a), where ௦ܶǡ୻  and ௙ܶǡ୻  are 
respectively the interface temperature for the solid and the liquid. The boundary conditions of inlet flow 
are ܳ௜௡  (m3/s) and ௙ܶǡ௜௡  = 20 oC while the outlet flow boundary condition is ݌ ൌ ݌௢ , where ݌௢  is the 
pressure at the outlet (0 Pa), as shown in Fig. 3(b). 
Except at the bottom of the MCHS, all the outer surface boundaries are considered to be adiabatic. Heating 
power, ݍ, was applied at the bottom surface of the MCHS using (െ࢔Ǥ ሺെ݇௦׏ܶሻ ൌ ݍ ܣ௛ ? ), where ࢔ denotes 
the outward normal vector on the boundary of the domain. 7ZRSRZHUILOPUHVLVWRUVRIUHVLVWDQFHȍ
were used as heat sources, each with an effective heating area of 11.5 × 14 mm2, and a heat flux of 62 
W/cm2. To define the thickness and thermal conductivity of the material (Ethoxy) located between the 
heater and the base of the heat sink, a thin layer boundary condition was employed, as shown in Fig. 3(c). 
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The thermal conductivity (݇௟) and thickness (݀௟) of the Ethoxy layer are respectively 2.2 W/(m.K) and 200 
µm. 
The thermo-physical properties of water including ߩ௙, ߤ௙, ܥ௣೑ and ݇௙ depend on temperature as shown in 
Eqs. (11-14) [41]: ߩ௙ ൌ  ? ? ?Ǥ ? ? ?൅  ?Ǥ ? ?ܶ െ  ?Ǥ ? ? ? ?ܶଶ ൅  ?Ǥ ? ? ൈ ? ?ି଻ܶଷ                                                                                      (11)   ߤ௙ ൌ  ?Ǥ ? ?െ  ?Ǥ ? ? ? ?ܶ ൅  ?Ǥ ? ?ൈ  ? ?ିସܶଶ െ  ?Ǥ ? ? ?ൈ  ? ?ି଻ܶଷ ൅  ?Ǥ ? ?ൈ  ? ?ିଵ଴ܶସ െ  ?Ǥ ? ?ൈ  ? ?ିଵଷܶହ ൅ ?Ǥ ? ? ?ൈ  ? ?ିଵ଺ܶ଺                                                                                                                                        (12)   ܥ௣೑ ൌ  ? ? ? ? ?Ǥ  ? ?െ  ? ?Ǥ ? ? ?ܶ ൅  ?Ǥ ? ? ? ?ܶଶ െ  ?Ǥ ? ? ?ൈ  ? ?ିସܶଷ ൅  ?Ǥ ? ? ?ൈ  ? ?ି଻ܶସ                                         (13)   ݇௙ ൌ െ ?Ǥ ? ? ?൅  ?Ǥ ? ? ? ? ?ܶ െ  ?Ǥ ? ? ?ൈ  ? ?ିହܶଶ ൅  ?Ǥ ? ? ?ൈ  ? ?ିଽܶଷ                                                                    (14) 
where the temperature ܶ is in K. The thermal conductivity of copper ݇௦= 400 W/m.K in all computations.  
3.2.   Governing equations 
A numerical model of the three-dimensional flow and heat transfer in the MCHS was developed under the 
assumptions that: (1) the flow and heat transfer are steady; (2) flow is incompressible and single-phase in 
both the laminar and turbulent flow regimes; (3) the effects of radiation and buoyancy are negligible. The 
Reynolds number (ܴ݁) can be calculated as: 
ܴ݁ ൌ ߩ௙  ? ௧ܸ௨௕௘  ? ܦ௛ߤ௙ ሺ ? ?ሻ 
where ߩ௙  and ߤ௙  are respectively the density and viscosity of the fluid, while ௧ܸ௨௕௘  denotes the inlet 
velocity to the tube having hydraulic diameter (ܦ௛) of 1.5 mm for both MCHS models, see Fig. 2(b). When ܴ݁ ൑  ? ? ? ?flow is considered laminar, and turbulent with ܴ݁ ൐  ? ? ? ?. Flow is modelled using the 
following incompressible, steady continuity and Navier-Stokes momentum equations: ׏  ? ܝ ൌ  ?                                                                                         (continuity equation)                                     (16)  ߩ௙ሺܝ  ? ׏ሻܝ ൌ ׏  ?ൣെ݌C? ൅ ߤ௙ሺ׏ܝ ൅ ሺ׏ܝሻ்ሻ൧                                   (momentum equation for laminar flow)        (17)  ߩ௙ሺܝ  ? ׏ሻܝ ൌ ׏  ?ൣെ݌C? ൅൫ߤ௙ ൅ ߤ்൯ሺ׏ܝ ൅ ሺ׏ܝሻ்ሻ൧                      (momentum equation for turbulent flow)      (18)  
where ܝ and ݌ are respectively the fluid velocity vector and the fluid pressure (Pa), and C? denotes the unit 
matrix. The standard ݇-߱ turbulence model has been used to solve the governing equations, as this model 
has been shown to capture the physics well for other similar heat transfer studies [31, 42, 43]. The ݇-߱ 
model introduces two additional variables: the turbulent kinetic energy, ݇ሺ݉ଶ ݏଶ ? ), and specific dissipation 
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rate, ߱ሺ ? ݏ ? ሻ. The transport equations for ݇ and ߱ used in the CFD model are based on those given by 
Wilcox [44]:  ߩ௙ሺܝ  ? ׏ሻ݇ ൌ ׏  ?ൣ൫ߤ௙ ൅ ߤ்ߪ௞כ൯׏݇൧ ൅ ௞ܲ െ ߩ௙ߚ௢כ߱݇ሺ ? ?ሻ ߩ௙ሺܝ  ? ׏ሻ߱ ൌ ׏  ?ൣ൫ߤ௙ ൅ ߤ்ߪఠ൯׏߱൧ ൅ ߙ ߱݇ ௞ܲ െ ߩ௙ߚ௢߱ଶሺ ? ?ሻ 
The production term and the turbulent viscosity are defined by:                                                      
௞ܲ ൌ ߤ்ሾ׏ܝǣ ሺ׏ܝ ൅ ሺ׏ܝሻ்ሻሿ ,        ߤ் ൌ ߩ௙ ௞ఠ                                                                                                      (21)                                                     
while the empirical turbulent model constant parameters are [31]: 
ߙ ൌ  ? ? ? ?ǡ ߪ௞כ ൌ  ? ?ǡ ߪఠ ൌ  ? ?ǡ ߚ௢ ൌ  ? ? ? ?ǡ ߚ௢כ ൌ  ? ? ? ? 
The heat transfer (energy) equations for the liquid and the solid can be expressed respectively as: 
ߩ௙ܥ௣೑ܝ  ? ׏ܶ ൌ ׏  ? ቀ൫݇௙ ൅ ்݇൯׏ܶቁ                                                                                                                       (22)    ׏  ?ሺ݇௦׏ܶሻ ൌ  ?                                                                                                                                                      (23)   
where ܥ௣೑ denotes the specific heat capacity of the fluid which is evaluated at the average fluid temperature, 
while ்݇  is the turbulent thermal conductivity ൬்݇ ൌ ఓ೅Ǥ஼೛೑௉௥೅ ൰, and ்ܲݎ  is the turbulent Prandtl number 
(following Kays- Crawford [45]). Eq. (22) is the energy equation for the liquid in three-dimensional, steady 
and turbulent flow, with ߤ் ൌ  ? for laminar flow. The above flow and heat transfer equations are solved 
within COMSOL Multiphysics version 5.2 [41]. 
4.   Results and discussion  
4.1.   Effect of grid density 
The effect of grid density on the numerical solutions is investigated using a range of mesh sizes. The heat 
sink and serpentine minichannel dimensions used in these simulations are similar to those used in the 
experimental set-up, see Fig. 2(a). Two heat sources are used to simulate the experimental work and each 
one has cross-sectional area of 11.5 mm × 14 mm and height of 1.0 mm (see Fig. 3(c)). These are mounted 
underneath the MCHS and supply 100 W in total (62 W/cm2). 
The effect of grid density on the predicted value of the temperature between the heater and the bottom of 
the heat sink ( ௝ܶ௨௡௖௧௜௢௡) and total pressure drop ( ? )ܲ is given in Table 2, where grid 1 is the coarsest and 
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grid 4 is the finest. These results were generated at a water flow rate of  ? ? ?݈݉Ȁ݉݅݊ (Uin = 1 m/s), with 
the water inlet temperature set at 20 °C. The percentage differences between solutions, E, are calculated 
with respect to the solutions on grid 4 in each case. The solutions after grid 3 are effectively grid 
independent and all numerical solutions reported below have been obtained using grid 3. 
4.2.   Model validation 
The numerical model was validated against the present experimental work for serpentine MCHSs in terms 
of total thermal resistance (ܴ௧௛), total pressure drop ( ? )ܲ and average Nusselt number (ܰݑ௔௩௚). Fig. 4(a) 
compares the experiments against corresponding numerical predictions of ܴ௧௛  and  ?  ܲfor a serpentine 
MCHS with volumetric flow rates (ܳ௜௡) ranging from 0.053 to 0.318 l/min, which corresponds to Reynolds 
number of 7474482, and a heat flux of 62 W/cm2. Good agreement between experimental data and 
corresponding numerical predictions was obtained, with an average discrepancies of 7.8% for  ?  ܲand 3.2% 
for ܴ௧௛. 
Generally, it is seen that  ?  ܲincreases and ܴ௧௛ decreases as the ܴ݁ increases. The latter is due to decreases 
in both ܴ௖௢௡௩ and ܴ௕௨௟௞ as ܴ݁ increases since ܴ௖௢௡ௗ remains constant since the heat sink base thickness is 
fixed at 2 mm. The reduction in ܴ௖௢௡௩ is due to the higher heat transfer coefficient while the reduction in ܴ௕௨௟௞ is due to the higher flow rate, see Eq. (10). The minichannel bends at the end of each minichannels 
are very influential since they prevent the hydrodynamic and thermal boundary layers from attaining a 
fully-developed state, albeit with a significantly increased pressure drop. 
Fig. 4(b) compares the average Nusselt numbers (ܰݑ௔௩௚ ) and the average channel base temperatures 
( ௪ܶǡ௔௩௚) obtained experimentally and computationally for the serpentine MCHS as a function of Reynolds 
number ranging from 747 to 2988 ( ?Ǥ ? ? ?൑ ܳ௜௡ ൑  ?Ǥ ? ? ?݈Ȁ݉݅݊) with a heat flux of 62 W/cm2. To calculate 
the ܰݑ௔௩௚ values, Eq. (8) was used while Eq. (1) was used to determine the average heat transfer coefficient 
(݄௔௩௚). Generally, ܰݑ௔௩௚ increases with ܴ݁ as the thermal boundary layer thickness decreases with the 
increased fluid velocity [46]. The numerical predictions are in good agreement with the experiments, with 
an average discrepancy of 3.2%. ௪ܶǡ௔௩௚ was estimated from the values at the four thermocouples closest to 
the minichannel base (see Eq. (2) and Fig. 2(b)). ௪ܶǡ௔௩௚ decreases with ܴ݁ due to the effects of thermal 
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boundary layer re-development and good mixing in the minichannel bends. Once again, good agreement 
was found between experimental and computational data with an average discrepancy of 2.4%. 
4.3.   Serpentine MCHS design optimisation 
Heat sinks must be designed according to the conflicting requirements of minimising thermal resistance 
(ܴ௧௛) and minimising pressure drop ( ? )ܲ. Here, the goal is to carry out the multi-objective optimisation of 
minimising ܴ௧௛ and  ?  ܲfor serpentine MCHSs by accounting for two important design variables, namely 
the minichannel width ሺ ௖ܹ௛ሻ and the number of minichannel ሺ ௖ܰ௛ሻ in the ranges of  ?Ǥ ?݉ ݉ ൑ ௖ܹ௛ ൑ ?Ǥ ?݉ ݉ and  ? ൑ ௖ܰ௛ ൑  ? ?. The optimisation was carried out at constant volumetric flow rate of ܳ௜௡ ൌ ?Ǥ ? ?݈Ȁ݉݅݊ with an inlet water temperature to the MCHS set to 20 °C, and constant heat flux of 100 W/cm2 
supplied underneath the heat sink. The area (ܹ ൈ ܮ), substrate thickness (ܪ௕) and minichannels depth (ܪ௖௛) 
of the heat sink are constant and are respectively 10 mm × 10 mm, 0.5 mm and 1.5 mm. The goal is to 
construct a Pareto front of non-dominated solutions, from which an appropriate compromise design can be 
chosen. 
The Pareto front is obtained by building accurate metamodels of both   ?  ܲand ܴ௧௛, as a function of the two 
design variables. The metamodels are constructed using the ܴ௧௛ and  ?  ܲvalues extracted from numerical 
simulations carried out at 30 Design of Experiment (DoE) points obtained using Optimal Latin Hypercubes 
(OLHCs), via a permutation genetic algorithm using the Audze-Eglais potential energy criterion to create 
an efficient distribution of DoE points [47]. The points are distributed as uniformly as possible when the 
potential energy of repulsive forces, which is inversely proportional to the squared distance between the 
points, is minimised [48]: 
݉݅݊ܧ஺ா ൌ ݉݅݊ ෍  ෍   ?ܮ௜ǡ௝ଶே௝ୀ௜ାଵே௜ୀଵ ሺ ? ?ሻ 
where ܮ௜ǡ௝ is the Euclidean distance between the points ݅ and ݆ ( ݅ ് ݆ ) and ܰ=30 is the number of DoE 
points. Metamodels for ܴ௧௛ and  ?  ܲthroughout the design space are built using a Moving Least Squares 
(MLS) method [49], with a second order (Quadratic) base polynomial, where a Gaussian weight decay 
function, ݓ௜, is used to determine the weighting of points in the regression coefficients at each point, see 
Eq. (25). 
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ݓ௜ ൌ  ݁ିఏǤ௥೔మ                                                                                                                                                      (25) 
The parameter ݎ௜ is the normalised distance of the metamodel prediction location from the ݅௧௛ sampling 
point [47]. By adjusting the closeness of fit parameter, ߠ, the influence of numerical noise in the responses 
can be controlled. The Pareto front is calculated using a multi-objective genetic algorithm (MOGA) 
approach based on [50, 51]. Points on the Pareto front are non-dominated in the sense that it is not possible 
to decrease any of the objective functions (i.e.  ?  ܲor ܴ௧௛ሻ without increasing the other objective function. 
Fig. 5 shows the values of the  ?  ܲand ܴ௧௛ at all of the DoE points and the Pareto front that is constructed 
from them. 
Fig. 5 shows seven points on the Pareto front ( ଵܲ െ ଻ܲ) and a comparison between the calculated values of  ?  ܲand ܴ௧௛  from the metamodels at these points and from the full numerical simulations. Agreement 
between the metamodel and full numerical predictions is good in all cases with an average error of 1.8% 
for ܴ௧௛ and 4.2% for  ? ,ܲ demonstrating the accuracy of the metamodelling approach adopted here. Fig. 5 
also shows the compromise that must be struck between pressure drop and thermal resistance. It shows, for 
example, that achieving the relatively low thermal resistance at ଵܲ (0.278 K/W) requires more than eight 
times the pressure drop than for the higher thermal resistance of 0.412 K/W at ଻ܲ . Clearly the most 
appropriate compromise depends on the particular manufacturing and operating cost and functionality 
requirements for a specific heat sink. The subsequent MCHSs used below for the cooling of GaN HEMTs 
will be based on the design parameters from the Pareto point ହܲ in Fig. 5. 
4.4.   Cooling of GaN HEMTs using serpentine MCHSs 
This section presents a numerical investigation into the capability of a water-cooled copper serpentine 
MCHS with a footprint of 10 mm × 10 mm and a thickness of 2.0 mm, based on the design parameters at 
Pareto point ହܲ with 7 minichannels shown in Fig. 5, to dissipate heat generate from the GaN HEMT. The 
minichannel width ( ௖ܹ௛), fin width ( ௪ܹ), and minichannel depth (ܪ௖௛) are kept at 0.75 mm, 0.594 mm, 
and 1.5 mm, respectively. The inlet water temperature is set at 20 oC. A heat spreader having the same base 
area as the serpentine MCHS with different thickness was attached directly at the bottom of the heat sink 
base, with 50 µm thick of 80Au/20Sn solder mounted between the heat spreader and the MCHS as a 
bounding material. The thermal conductivity of the solder is set to 57 W/m.K [18]. 
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As a typical heat source, a CREE CGHV1J070D GaN HEMT die [33] is selected for study.  Fig. 6(a) shows 
a schematic of the transistor layout showing multi-fingered configurations, where source (S), gate (G), and 
drain (D) metallizations are indicated. One GaN HEMTs is simulated, having an area of 4800 × 800 µm2 
and a thickness of 2 µm, and located at the centre of the MCHS. The transistor is composed of 72 gate 
fingers that are mounted on the top surface of the GaN transistor to dissipate a total power of 70 W. The 
length (݈ீ) and width ( ீܹ) of each gate are respectively 0.25 µm and 250 µm. Almost all of the heat is 
generated under each gate finger [18]. 
Single-phase, laminar flow conjugate heat transfer simulations are performed for a whole serpentine MCHS 
using COMSOL Multiphysics v.5.2 and the same assumptions used in section 3.1. The computational 
domain and boundary conditions used are shown in Fig. 6(b). Except at the bottom of the MCHS, all the 
outer surface boundaries (other than the flow inlet and outlet) are considered to be adiabatic. The heat flux 
of 1823 W/cm2 is applied to the 72 gate fingers resulting in a heat flux of 1.556 MW/cm2 loaded on each 
gate finger, with a power density of 3.89 W/mm. The effect of four different heat spreader materials is 
investigated: silicon (Si), silicon carbide (SiC), diamond and graphene (few-layer graphene). The 
temperature-dependent thermal conductivity of the Si, SiC, the diamond heat spreaders and the GaN layers 
are taken from references [18, 52], while for the copper heat sink the thermal conductivity is assumed to be 
constant. Following [25], the thermal conductivity of the few-layer graphene heat spreaders, with 
thicknesses ranging from 5 µm to 25 µm, are taken to have the constant value of 2000 W/m.K. The thermal 
boundary resistance (TBR) between GaN and heat spreader is included, and the value is assumed to be 
3.3×10-8 m2.K/W for all heat spreaders used [18, 25, 53]. The thermal properties and thickness of each 
material used in the simulations are listed in Table 3. 
A 50 nm silicon nitride (SiN) layer was mounted on the top surface of the GaN HEMT to serve as device 
passivation and a nucleation dielectric for diamond [28]. A 2 µm nanocrystalline diamond (NCD) layer was 
implemented on top of the SiN layer to mitigate the problem of self-heating of the GaN transistor (see Fig. 
6(c)), the details of these two layers can be found in Table 3. 
4.4.1.   Effect of grid density 
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The effect of grid density on the numerical solution of the conjugate heat transfer problem with both 
serpentine and straight rectangular MCHSs, a diamond heat spreader, a GaN transistor and a NCD layer 
within a SiN as a passivation surface is explored using four different mesh sizes, as indicated in Table 4. In 
order to facilitate a fair performance comparison between the two different MCHS both heat sink models 
share the same design parameters, and the dimensions of the Pareto point ହܲ is selected as the optimum 
design for the serpentine MCHS model. 
A tetrahedral mesh is generated to discretize the domain, with increasing grid refinement in the region of 
the GaN HEMT and gate fingers where the local heat flux is very high, as shown in Fig. 6(d). The 
volumetric flow rate and inlet temperature of the water are set to be 0.10 l/min and 20 oC, respectively. The 
heat flux density applied for each gate finger was 1.556 MW/cm2 (the total power supplied on the GaN 
HEMT is 70 W), and a 300 µm thick diamond heat spreader is used. As shown in Table 4, for the 
conventional straight rectangular MCHS, compared to the results of a grid 3 (~ 4.5 million elements), grid 
2 showed a 3.1% change in the maximum chip temperature ( ௠ܶ௔௫), whereas using grid 4 resulted in only a 
0.9% change in ௠ܶ௔௫. Similar behaviour was found for the serpentine MCHS so that grid 3 was used in all 
subsequent numerical solutions. 
From the comparison between both heat sink designs, the maximum temperature ( ௠ܶ௔௫) for the serpentine 
MCHS with diamond heat spreader and NCD layer is 65.70 oC, compared to 72.66 oC for the conventional 
straight rectangular MCHS. This is due the influence of the minichannel bends in the serpentine MCHS 
which disrupt the hydrodynamic and thermal boundary layers and maintain a state of developing flow 
[31,32]. However, the differential pressure between the inlet and outlet of the serpentine channel is 
significantly higher than those from straight channel. 
4.4.2.   Validation against previous studies 
The numerical solutions for the GaN HEMTs cases were validated against the experimental results of Han 
et al. [18], which used eight GaN resistors (each size 350 × 150 µm2 with a heat flux between 2.3811.9 
kW/cm2) with 1050 W total power mounted on a diamond heat spreader to enhance the hotspot cooling 
capability of a single-phase water-cooled straight rectangular microchannel heat sink. The conjugate heat 
transfer problem for the entire straight rectangular microchannel heat sink, heat spreader and GaN HEMTs 
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system was solved numerically for comparison with Han et al. [18]. The water flow rate across the entire 
microchannel heat sink was fixed at 0.4 l/min, leading to a laminar flow regime. As illustrated in Fig. 7(a), 
good agreement was obtained between Han et al¶VH[SHULPHQWVDQGWKHVLPXODWLRQUHVXOWVfor maximum 
heater temperature ( ௠ܶ௔௫), with an average discrepancy of around 4.2% for the cases with and without a 
diamond heat spreader. Fig. 7(b) compares the temperature distribution across all the transistors between 
those measured by Han et al. [18] and the current simulation at total power of 50 W for cases with and 
without diamond heat spreader. Again good agreement was obtained with an average discrepancy of around 
5.3%. 
4.4.3.   Effect of heat spreader materials 
The effect of heat spreader material, namely Si, SiC and diamond is investigated numerically with and 
without an NCD layer. The thickness of the heat spreaders (ݐ௦௣௥௘௔ௗ௘௥) are fixed at 300 µm and a heat flux 
of 1823 W/cm2 is dissipated from the GaN HEMT. Once again 7 minichannels of width 0.75 mm are used 
while the GaN transistor dimension are shown in Fig. 6(a). The effect of the heat spreader material, NCD 
layer and ܳ௜௡ on ௠ܶ௔௫ with a water inlet temperature of 20 oC under laminar flow conditions can be seen 
in Fig. 8. The ௠ܶ௔௫  values decrease as flow rates increases for all cases studied and these decrease 
significantly when the diamond heat spreader is used, whereas the inclusion of the SiC and especially Si 
heat spreaders have a deleterious effect on ௠ܶ௔௫ compared to the case when no heat spreader is used. This 
is due to the fact that the Si has much lower thermal conductivity than SiC, Cu and diamond, and that its 
thermal conductivity reduces further as the temperature increases. 
Integrating a 2 µm thick NCD layer on the top surface of the GaN HEMT has a significant effect on ௠ܶ௔௫ 
for all heat spreader materials used. For example, at ܳ௜௡= 0.10 l/min, ௠ܶ௔௫ for the serpentine MCHS with 
both diamond heat spreader and NCD film is 65.70 oC, compared to 90.66 oC and 124.7 oC for the serpentine 
MCHS with just diamond heat spreader and the serpentine MCHS without both heat spreader and NCD 
layer, respectively. 
Fig. 9 shows the effect of heat spreader material (Si, SiC and diamond) on the temperature distribution 
across 72 gate fingers mounted on the top surface of the GaN transistor and capped with a layer of NCD 
for the case with ܳ௜௡ ൌ  ?Ǥ ? ?݈Ȁ݉݅݊ , ݐ௦௣௥௘௔ௗ௘௥ ൌ  300 µm and heat flux of 1823 W/cm2, these were 
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compared with the serpentine MCHS without both heat spreader and NCD layer. As expected based on the 
above results, the maximum gate temperature was found for the GaN±on±Si heat spreader case, while that 
for the GaN±on±diamond heat spreader was the lowest. Note that the maximum gate finger temperature for 
all heat spreaders are lower than the critical operating condition temperature ~225 oC [33]. 
4.4.4.   Effect of heat spreader thicknesses 
The effect of heat spreader thickness is now investigated, using thicknesses ranging from 100 µm to 600 
µm for cases with ܳ௜௡= 0.10 l/min and heat flux of 1823 W/cm2. The numerical simulations are conducted 
for the serpentine MCHS with different heat spreader materials (Si, SiC and diamond) without using an 
NCD layer, to examine the effect of the heat spreader alone on the temperature of the GaN HEMT. Fig. 10 
shows that increasing the heat spreader thickness has relatively modest benefits for diamond and SiC heat 
spreader thicknesses less than about 300 µm, after which increasing spreader thickness has no significant 
benefit. In all cases ௠ܶ௔௫ increases progressively from diamond to SiC heat spreaders. In contrast, for the 
Si heat spreaders, the comparatively low thermal conductivity means that increasing spreader thickness is 
actually detrimental with ௠ܶ௔௫ increasing from around 207 oC to 253 oC as spreader thickness increases 
from 100 µm to 600 µm. 
4.4.5.   Few-layer graphene heat spreaders  
Graphene has demonstrated an extremely high intrinsic thermal conductivity, which is approximately 5300 
W/m.K at room temperature [54] for a single atomic plane of graphene with an approximate thickness of 
0.335 nm. For few-layer graphene (FLG), the thermal conductivity decreases drastically as the number of 
layers increases, and will soon approach bulk graphite limit (~2000 W/m.K) [22, 55]. Although the thermal 
conductivity of FLG has not been reported yet, it can be expected to be between the values measured for 
single-layer graphene and bulk graphite [19 ,24]. Since the properties of graphene are functions of its 
number of layers, it is important to know the number of graphene layers, and this can be calculated by 
dividing the measured graphene thickness on the single-layer graphene thickness (0.335 mm) [55]. 
Fig. 11 shows the simulated maximum temperature of the GaN HEMTs as a function of the thermal 
conductivity in the range 1000 to 5000 W/mK and thicknesses of the graphene heat spreader ( ?Ɋ ൑ݐ௦௣௥௘௔ௗ௘௥ ൑  ? ?Ɋ). For a 5 µm thick graphene heat spreader, the number of graphene layers is around 
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14925, while for a 25 µm thick spreader there are approximately 74626 graphene layers. Figure 11 shows 
that as the thermal conductivity and thickness of the heat spreader increase the peak temperature is 
alleviated due to an increasing heat flux directed away from the hot spots. This behaviour is consistent with 
the finding of Subrina et al. [24] through conducting a numerical simulation to address the thermal 
management of nano-electronic circuits. They observed that increasing of the graphene heat spreader 
thicknesses (layers) together with thermal conductivity leads to a decrease in the maximum temperature of 
a chip. 
Fig. 12 shows the temperature distribution at the interface between the heat spreader and the GaN HEMT 
using serpentine MCHS with and without an NCD film for a heat flux of 1823 W/cm2 and ܳ௜௡ of 0.10 l/min. 
The ten gate fingers located in the middle of the GaN HEMT were used for comparison. Due to the 
sufficiently thick layers of graphene used in the present work, it can be assumed that the thermal 
conductivity of graphene recovers to values of high quality bulk graphite (2000 W/m.K), this approach was 
also adopted by Reddy and Dulikravich [25]. The maximum temperature at this interface for the heat sink 
with both the graphene heat spreader with thickness of 25 µm and NCD layer is 96.71 oC, while that of the 
heat sink with the graphene heat spreader alone is 123.5 oC, suggesting that using an NCD layer leads to 
much more effective mitigation of hot spots. The two cases have been compared with the serpentine MCHS 
has both the diamond heat spreader with thickness of 25 µm and NCD layer, and the maximum temperature 
was found to be 101.4 oC.  
5.   Conclusion 
This paper has shown that water-cooled serpentine MCHSs can provide effective thermal management of 
the GaN HEMTs that are increasingly popular for radar frequency and microwave applications. It has also 
shown that the serpentine channels, which play a crucial role in disrupting thermal boundary layers to 
improve heat transfer, provide better heat transfer capability than conventional ones based on straight 
channels, albeit with a significantly larger pressure drop. The latter can, however, be reduced by careful 
optimisation of the MCHS geometry parameters and the multi-objective optimisation carried out here has 
demonstrated clearly the compromise that can be struck between maximum heat transfer and minimum 
pressure drop for serpentine MCHSs. 
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The role of heat spreaders and heat spreader materials has also been investigated and the numerical 
simulations have shown that from a list of graphene, diamond, SiC and Si, graphene is the most effective, 
followed by diamond at reducing both peak chip temperature and peak heat flux over hot spots. However 
the temperature-dependent conductivity of SiC and Si mean that these heat spreaders are detrimental and 
increase the maximum chip temperature compared to the case without a heat spreader. Further, the 
numerical results showed that increasing the heat spreader thickness yields modest benefits for diamond 
and SiC heat spreaders with thicknesses less than about 300 µm, after which increasing spreader thickness 
has no significant benefit. In contrast, for Si heat spreaders the comparatively low thermal conductivity 
means that increasing spreader thickness is detrimental and leads to an increase in the maximum chip 
temperature from 207 oC to 253 as the spreader thickness is increased from 100 µm to 600 µm. These 
results provide useful information for the optimisation of the thermal design of heat sinks for GaN HEMTs. 
Using an NCD thin layer has also a significantly beneficial effect, where its ability to dissipate high heat 
flux from a GaN HEMT leads to a significant reduction of the chip temperature and improved mitigation 
of hot spots. 
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Table Captions 
Table 1: Uncertainty for various critical parameters of serpentine MCHS. 
Table 2: Grid independence tests. 
Table 3: Thickness and thermal conductivity of the materials used for simulation. 
Table 4: Grid independence tests. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3: Thickness and thermal conductivity of the materials used for simulation. 
Material Thickness [µm] Thermal conductivity [W/(m.K)] Ref. 
Si 100 - 600 ݇ௌ௜ ൌ  ? ? ?ൈ ሺ ? ? ?ܶ ሻଵǤଷଷସ [18] 
SiC 100 - 600 ݇ௌ௜஼ ൌ  ? ? ?ൈ ሺ ? ? ?ܶ ሻଵǤସଽ [52] 
Diamond 100 - 600 ݇஽௜௔௠ ൌ  ? ? ? ?ൈ ሺ ? ? ?ܶ ሻଵǤଷ଴ହ [18] 
GaN 2 ݇ீ௔ே ൌ  ? ? ?ൈ ሺ ? ? ?ܶ ሻଵǤଶଵଵ [18] 
Few-layer graphene 5 - 25 2000 [25] 
Cu 2000 385 [18] 
80Au/20Sn solder 50 57 [18] 
NCD 2 500 [28] 
SiN 0.05 15 [28] 
 
Table 4: Grid independence tests. 
Heat sink model Grid No. Number of elements×106 ௠ܶ௔௫ሺ ?ሻ ܧ ?   ?ܲሺܲ ܽሻ ܧ ?  
Serpentine 
MCHS 
1 2.824 69.12 6.3 26344.8 4.62 
2 3.732 67.38 3.6 26893.6 2.64 
3 5.056 65.70 1.0 27287.3 1.21 
4 6.109 65.04 ±± 27622.4 ±± 
Straight 
MCHS 
1 2.232 76.20 5.8 108.95 5.50 
2 3.211 74.23 3.1 111.23 3.51 
3 4.546 72.66 0.9 113.77 1.31 
4 5.674 72.01 ±± 115.28 ±± 
 
Table 1: Uncertainty for various critical 
parameters of serpentine MCHS. 
Variable Absolute 
uncertainties 
Channel width ( ௖ܹ௛)   ?ߤ݉ 
Channel height (ܪ௖௛)   ?ߤ݉ 
Channel length (ܮ௖௛)  ? ?ߤ݉ 
Fin width ( ௪ܹ)  ?ߤ  ݉
Hydraulic diameter (ܦ௛) 1.2% 
Volumetric flow rate (ܳ௜௡) 0.65 ± 1.27% 
Temperature (ܶ) 0.3 oC 
Pressure drop ( ? )ܲ 3.6 ± 9.2% 
Thermal resistance (ܴ௧௛) 2.8 ± 7.3% 
Nusselt number (ܰݑ) 3.0 ± 6.8% 
 
Table 2: Grid independence tests. 
Heat sink model Grid No. Number of elements×106 ௝ܶ௨௡௖௧௜௢௡ ሺ ?ሻ ܧ ?   ?ܲሺܲ ܽሻ ܧ ?  
Serpentine 
MCHS 
1 1.655 57.9 6.2 6632 7.6 
2 2.269 56.4 3.5 6411 4.0 
3 3.372 55.1 1.1 6243 1.3 
4 4.209 54.5 ±± 6162 ±± 
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Figure Captions 
Fig. 1: Schematic diagram of the experiment setup.   
Fig. 2: (a) 3-D isometric actual and top view of a serpentine rectangular MCHS design; (b) Exploded view of 
serpentine MCHS model, all dimensions in mm.  
Fig. 3: 3-D view and back side of serpentine MCHS design used in the simulation; (a) Conjugate heat transfer of 
the MCHS; (b) Isometric view; (c) Bottom side of the MCHS. 
Fig. 4: (a) Pressure drop and thermal resistance; (b) Average Nusselt numbers and average channel base 
temperature as a function of Reynolds number for serpentine MCHS at input power of 100 W.  
Fig. 5: Pareto front showing the compromises that can be struck in minimising both Rth and ǻP together with seven 
representative design points (e.g. P1 «37) used for the MCHS performance analysis. 
Fig. 6: (a) Top view of transistor layouts, showing multi-fingered configurations: Source (S), gate (G), and drain 
(D) metallizations are indicated (all dimensions in µm); (b) 3-D view of the serpentine MCHS design with 
boundary condition; (c) schematic of GaN HEMT with NCD heat-spreading film; and (d) the finite element 
mesh using grid 3 as shown in Table 4. 
Fig. 7: Validation of the current numerical simulation against experimental work of Han et al. [18] for (a) 
maximum transistor temperature at different total heating power; (b) temperature distribution along the 
transistors.  
Fig. 8: Effect of the ܳ௜௡ on maximum heater temperature at different heat spreaders (Diamond, SiC and Si) with 
and without NCD layer, at heat flux of 1823 W/cm2 and ݐ௦௣௥௘௔ௗ௘௥ ൌ  ? ? ?ߤ݉. 
Fig. 9: Temperature profile in the longitudinal direction across all gate fingers at heat flux of 1823 W/cm2, ܳ௜௡ ൌ ?Ǥ ? ?݈Ȁ݉݅݊ and ݐ௦௣௥௘௔ௗ௘௥ ൌ  ? ? ?ߤ݉. 
Fig. 10: Effect of the heat spreader thickness on the thermal performance of the structure for four different heat 
spreaders (Diamond, SiC and Si), at ܳ௜௡ ൌ  ?Ǥ ? ?݈Ȁ݉݅݊ and heat flux of 1823 W/cm2. 
Fig. 11: Maximum temperature of the GaN HEMT as a function of the thickness-dependent thermal conductivity 
of graphene heat spreader, at ܳ௜௡ ൌ  ?Ǥ ? ?݈Ȁ݉݅݊ and heat flux of 1823 W/cm2. 
Fig. 12: Temperature distribution (oC) at the interface between the heat spreader and GaN HEMT: (a) graphene 
spreader without NCD layer; (b) diamond spreader with NCD layer; (c) graphene spreader with NCD layer, 
at 1823 W/cm2, ܳ௜௡ ൌ  ?Ǥ ? ?݈Ȁ݉݅݊ and ݐ௦௣௥௘௔ௗ௘௥ ൌ  ? ?ߤ݉. 
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Fig. 2: (a) 3-D isometric actual and top view of a serpentine rectangular MCHS design; 
(b) Exploded view of serpentine MCHS model, all dimensions in mm. 
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Fig. 3: 3-D view and back side of serpentine MCHS design used in the simulation; a) Conjugate 
heat transfer of the MCHS; b) Isometric view; c) Bottom side of the MCHS. 
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Fig. 4: (a) Pressure drop and thermal resistance; (b) Average Nusselt numbers and average channel base 
temperature as a function of Reynolds number for serpentine MCHS at input power of 100 W.  
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Fig. 5: Pareto front showing the compromises that can be struck in minimising both ܴ௧௛ 
and ߂ܲ together with seven representative design points (e.g. P1 «37) used for the 
MCHS performance analysis. 
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Fig. 6: (a) Top view of transistor layouts, showing multi-fingered configurations: Source (S), gate (G), and 
drain (D) metallizations are indicated (All dimensions in µm); (b) 3-D view of the serpentine MCHS design 
with boundary condition; (c) schematic of GaN HEMT with NCD heat-spreading film; and (d) the finite 
element mesh using grid 3 as shown in Table 4. 
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Fig. 7: Validation of the current numerical simulation against experimental work of Han et al. 
[18] for (a) maximum transistor temperature at different total heating power; (b) temperature 
distribution along the transistors.  
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Fig. 8: Effect of the ܳ௜௡ on maximum heater temperature at different heat spreaders (Diamond, SiC and Si) 
with and without NCD layer, at heat flux of 1823 W/cm2 and ݐ௦௣௥௘௔ௗ௘௥ ൌ  ? ? ?ߤ݉. 
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Fig. 9: Temperature profile in the longitudinal direction across all gate fingers at heat 
flux of 1823 W/cm2, ܳ௜௡ ൌ  ?Ǥ ? ?݈Ȁ݉݅݊ and ݐ௦௣௥௘௔ௗ௘௥ ൌ  ? ? ?ߤ݉. 
(34) 
 
60
110
160
210
260
0 100 200 300 400 500 600 700
T
m
a
x
[o
C
]
Heat Spreader Thickness [µm]
[Diamond]
[SiC]
[Si]
100
110
120
130
140
150
160
170
0 1000 2000 3000 4000 5000 6000
T
m
a
x
[o
C
]
k [W/m.K]
5 µm
10 µm
15 µm
20 µm
25 µm
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11: Maximum temperature of the GaN HEMT as a function of the thickness-dependent thermal 
conductivity of graphene heat spreader, at ܳ௜௡ ൌ  ?Ǥ ? ?݈Ȁ݉݅݊ and heat flux of 1823 W/cm2. 
Fig. 10: Effect of the heat spreader thickness on the thermal performance of the structure for 
three different heat spreaders (Diamond, SiC and Si) without NCD layer, at ܳ௜௡ ൌ  ?Ǥ ? ?݈Ȁ݉݅݊ 
and heat flux of 1823 W/cm2. 
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Fig. 12: Temperature distribution (oC) at the interface between the heat spreader and GaN HEMT: 
(a) graphene spreader without NCD layer; (b) diamond spreader with NCD layer; (c) graphene 
spreader with NCD layer, at 1823 W/cm2, ܳ௜௡ ൌ  ?Ǥ ? ?݈Ȁ݉݅݊ and ݐ௦௣௥௘௔ௗ௘௥ ൌ  ? ?ߤ݉. 
